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From 2001 to 2008, increased demand for ethanol as a fuel additive resulted in rapid growth of U.S. ethanol production. Annual ethanol production increased from 1.6 to 9.0 billion gal (RFA 2008) . Modified dry-grind processes have been developed to recover nonfermentable solids before fermentation, which results in a concomitant increase in plant capacity. Unfermented solids obtained from corn could be used as valuable coproducts . The E-Mill process uses aqueous soaking, coarse grinding, and specific gravity separation steps to recover germ and pericarp fiber before fermentation. Higher revenue could be generated from sale of whole germ or germ oil; fiber could be used for coproducts such as corn fiber gum and corn fiber oil. Efforts have been made to reduce the energy requirement in the dry-grind process using a granular starch hydrolyzing enzyme (GSHE) (Wang et al 2005) . Use of GSHE reduces energy requirements for cooking and liquefaction steps.
In the process detailed by Singh et al (2005) , endosperm fiber was removed before fermentation. Wang et al (2005) compared dry-grind and E-mill corn processes using GSHE. In their E-Mill process, germ and pericarp fiber were removed before fermentation; endosperm fiber was removed after fermentation. Final ethanol concentrations were 15.5 ± 0.2 and 14.2 ± 0.1% v/v for EMill and dry-grind processes, respectively. Coproducts obtained from E-Mill and dry-grind processes also were reported; however, yields of thin stillage and wet grains were not reported.
Compositions of processing streams are important to plant operations. Characterization of the thin stillage stream is important because a portion is recycled; therefore, composition may influence ethanol yield (Chin and Ingledew 1993; Narendranath et al 2001) . Compositional differences between dry-grind and E-Mill thin stillages have not been reported. The objectives of this study ess using GSHE. Solids contents of mash for both processes were similar. Total solids, soluble solids, and ash contents of thin stillage were similar for the two processes. Fat content of thin stillage from E-Mill was lower than that from the dry-grind process; protein content of E-Mill thin stillage was higher than that from dry-grind thin stillage. Removal of germ and fiber before fermentation changed composition of thin stillage from the E-Mill process. The screening method produced higher thin stillage and lower wet grains yields than using a centrifugation method. The screening method was less time consuming but resulted in limited wet grains material for additional analyses or processing. The centrifugation method of thin stillage separation removed more solids from thin stillage than the screening method.
were to 1) determine yields for dry-grind and E-Mill processes and 2) characterize thin stillage streams for composition.
MATERIALS AND METHODS
Yellow dent corn (34N43, Pioneer Hi-Bred International, Johnston, IA) obtained from the Agricultural and Biological Engineering Research Farm, University of Illinois at Urbana-Champaign was used. Corn samples were cleaned to remove broken corn and foreign material and stored at 4°C. Whole corn kernel moisture content was measured using a convection oven method (Approved Method 44-15A, AACC International 2010).
Dry-Grind and E-Mill Processes Using GSH Enzyme
Dry grind. The dry-grind procedure (700 g of corn sample) described by Wang et al (2005) was used with modifications. Ground corn (700 g) was mixed with water (1,800 mL) and incubated with 2 mL of granular starch hydrolyzing enzyme (GSHE) and 1 mL acid fungal protease (STARGEN 001, GC106, respectively, Genencor International, Palo Alto, CA) at 48°C and pH 4.2 for 3 hr with agitation at 20 rpm (Fig. 1) . Before simultaneous saccharification and fermentation (SSF), mash was cooled to 30°C and adjusted to pH 4.0 using ION sulfuric acid solution. During SSF, 2 mL of GSHE and 0.5 ml. of acid fungal protease were added. Fermentation was conducted for 72 hr at 30°C and 25% solids in a fermenter equipped with overhead drives for agitation (50 rpm). Ethanol was evaporated from beer at 90°C for 3 hr. After ethanol removal, the remaining whole stillage was centrifuged or screened to produce thin stillage and wet grains. Wang et al (2005) dried only whole stillage to form DDGS.
E-Mill. The E-Mill process recovered germ and pericarp fiber before fermentation and endosperm fiber postfermentation (Fig. 2) . Sample size was adjusted for the E-Mill process to provide sufficient material for postfermentation. Whole corn (1,100 g) was soaked in water (2,200 mL) and coarsely ground with 157 mL of water (Fig. 2 ). Fermentation and ethanol removal used the same equipment and parameters as used in dry-grind processing. As outlined by Wang et al (2005) , endosperm fiber was recovered from postfermentation solids using a 100-mesh screen (150-gm openings). To produce thin stillage and wet grains process streams, an additional step was performed using centrifugation or screening (Fig. 2) .
Separation of Thin Stillage and Wet Grains
Two methods, centrifugation and screening, were used to separate thin stillage from wet grains ( Figs. 1 and 2 ). The experimental objective was to investigate differences between centrifugation and screening of whole stillage to generate thin stillage and wet grains process streams. For the centrifugation method, whole stillage was centrifuged at 1,200 rpm (480 x g; Centra 7, Thermo IEC, Needham Heights, MA) for 5 mm. In the screening method, whole stillage was processed on a sieve (74-tm openings) and a shaker (RX-86, W. S. Tyler, Mentor, OH) for 1 hr. The material on top of the screen was washed with 15 mL of distilled water.
HPLC Analysis
Samples from beer and thin stillage streams were collected to determine concentrations of ethanol, lactic acid, acetic acid, glucose, fructose, maltose, maltotriose, DP4+, and glycerol using HPLC. Beer and thin stillage were analyzed because 1) high levels of glycerol (>1.5%) in streams indicated osmotic or heat stress on yeast cells which resulted in reduced ethanol yields; and 2) acetic acid (>0.05% w/v) and lactic acid (>0.8% w/v) caused stress on yeast that inhibit growth (Narendranatj et al 2001) .
Each sample was centrifuged at 1,789 x g; for 5 mm (Centra CL3, Thermo IEC, Needham Heights, MA); supernatant was filtered through a 0.2-.tm syringe filter into 1-m1L vials. Filtrate was injected into an ion-exclusion column (Aminex HPX-87H, BioRad, Hercules, CA) maintained at 50°C. At a rate of 0.6 mL/min, sugars, alcohols, and organic acids were eluted from the column with HPLC-grade water containing 5 mM sulfuric acid. Components were detected with a refractive index detector (model 2414, Waters Corporation, Milford, MA). Data processing was performed using HPLC software (Waters Corporation). For calibration, we used standards containing the above components at known concentrations. Two replicates of each sample were injected for analysis.
Thin Stillage and Coproducts Compositions
Total solids contents of slurry, beer, whole stillage, thin stillage, and wet grains were determined using a two-stage oven method (Approved Method 44-15A, AACC International 2010). DDGS yield was determined as the sum of total solids present in thin stillage and wet grains streams. To determine soluble solids contents, samples (25 mL) of thin stillage were filtered in triplicate through a 1-[lm pore size A/E glass fiber filter (Pall Corporation, East Hills, NY) and dried to constant weight at 180°C (Method 2540C, APFIA 1998). Thin stillage and coproduct samples obtained from dry-grind and E-Mill processes were analyzed for protein, fat, neutral detergent fiber (NDF), and ash content using standard methods (AOAC 2003) at Animal Sciences, University of Missouri at Columbia.
Statistical Analyses
Total solids in process streams, coproducts compositions, thin stillage composition, ethanol yield, ethanol concentration, and HPLC analyses for beer and thin stillage from dry-grind and EMill processes were determined. Five replicates for each process were used. Results were expressed as means and standard deviations. Statistical analyses were performed using statistical software (SAS Institute, Cary, NC). For comparisons of means, we used a two sample t-test at a significance level of P < 0.05.
RESULTS AND DISCUSSION
In the dry-grind process, solids contents of beer, whole stillage, and wet grains were higher compared to the same fractions from the E-Mill process (Table I) . Final ethanol concentrations for drygrind and E-Mill processes were 13.2 ± 0.3% and 15.1 ± 0.1% v/v. respectively. Higher ethanol concentrations for the E-Mill process indicated removal of nonfermentable material such as germ and fiber before fermentation increased the concentration of fermentable substrate (starch) in the slurry. Due to recovery of germ and pericarp fiber separately before fermentation, protein contents were higher and fat contents were lower for thin stillage from the E-Mill process. Ethanol yield was lower for the E-Mill than for the dry-grind process (0.39 ± 0.012 and 0.40 ± 0.004 LIkg) ( Table  I ). This was due to diversion of some starch and sugar material from fermentation to germ and pericarp process streams in the EMill process. Summation of fraction yields for each process and stillage separation method resulted in 30-33% total recovery of Fig. 2 . E-Mill process with granular starch hydrolyzing enzyme (GSHE) using centrifugation or screening to separate thin stillage and wet grains.
original corn solids, which is in general agreement with the theoretical stoichiometry of yeast fermentation of corn (Table II) . Wet grains and thin stillage solids and yields were different between the two separation processes. Centrifugation of whole stillage resulted in 10.9 and 8.4% thin stillage yields in the dry-grind and B-Mill processes, respectively. Use of the screening method increased thin stillage yields in dry-grind and E-Mill processes (17.6 and 12.2%, respectively) (Table II) .
In B-Milling, centrifuge processed wet grains yield was 3.9% (db); whereas, only 0.5% yield was obtained through the screening method; this was indicative of centrifugation separating solids from the supernatant stream (thin stillage) and diverting them to the wet grains stream. The lower yield from the screening method made compositional analysis difficult.
Concentrations of chemical components in thin stillage have increased as the stream was recycled through successive fermentations (Chin and Ingledew 1993; Narendranath et a! 2001) . Because laboratory-produced thin stillage was not recycled, concentrations of chemical components (Table III) were lower than commercial thin stillage (Ingledew 2003) . B-Mill thin stillage had higher levels of glycerol and lactic acid percentages compared to thin stillage from the dry-grind process. Final glycerol levels in beer for dry-grind and B-Mill processes were 0.62 ± 0.01 and 0.72 ± 0.01% w/v, respectively. In thin stillage streams, glycerol contents were 0.66 ± 0.04 and 0.83 ± 0.04% w/v, respectively. Acetic acid and maltotriose were below detection limits.
Wet grains from the E-Mill process had higher protein content (58.6%) that could be used as a high-protein ingredient for animal diets, especially nonruminant animals (Table IV) . Protein contents in endosperm fiber and germ fractions were similar. Wet grains and pericarp fiber from the E-Mill process had higher NDF content than germ. 11.3 ± 0.7 na 10.4 ± 0.7 13.4 ± 0.4 9.7 ± 0.4 na 12 Thin stillage Yield 10.9 ± 1.3bc 8.4 ± 0.8c 17.6 ± 0.9a 12.2 ± 1.2b Solids content 5.0 ± 0.1a 4.5 ± 0.1a 5.2 ± 0.7ab 4.9 ± 0.3ab 7 Wet grains 18.6 ± 1.la 3.9 ± 0.3c 13.8 ± 1.5b 0.5 ± 0.2d DDGS 29.5 ± 1.3a 12.3 ± 0.8b 30.9 ± 2.4a 12.7 ± 0.9b 32 n=3 n=2 n=5 n=5 n>300 n=5 a Mean ± standard deviation. Values in the same row with different letters are different (P 0.05); na, not applicable. b Laboratory dry grind.
Laboratory wet milling (Arora et al 2008) . d Laboratory wet milling (Eckhoff et al 1993) . e Commercial dry grind (adapted from Rausch and Belyea 2005) .
Commercial wet milling (Blanchard 1999 ). g Total fiber = sum of endosperm and pericarp fiber yields. 
CONCLUSIONS
Use of a screening method produced higher thin stillage and lower wet grains yields than using a centrifugation method (EMill and dry grind). The screening method was less time consuming but resulted in limited wet grains samples for additional analyses or processing. Fat content of thin stillage from E-Mill was lower than that of the dry-grind process; protein-content of EMill thin stillage was higher than thin stillage produced from dry grind. Removal of germ and fiber before fermentation changed composition of thin stillage from the E-Mill process. The centrifugation method of thin stillage separation removed more solids from thin stillage than the screening method.
